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Abstract: Enterobacter asburiae BQ9, a plant-growth–promoting rhizobacterium, was shown to promote tomato plant growth and
induce resistance to Tomato yellow leaf curl virus (TYLCV) under greenhouse conditions. Compared with mock-treated tomato plants,
plants that were pretreated with BQ9 had increased fresh mass and significantly reduced disease severity and 52% biocontrol efficacy
was achieved 30 days after inoculation. The expression of defense-related genes PR1a and PR1b and the H2O2 burst were quickly induced
in BQ9 pretreated plants. Antioxidase activity analysis showed that the activities of phenylalanine ammonia lyase, peroxidase, catalase,
and superoxide dismutase increased significantly in BQ9 pretreated plants. Our results suggest that the plant-growth–promoting
rhizobacterium BQ9 induced a priming of the plant defense responses to TYLCV by increasing the expression of defense response
genes, and the induced resistance was mechanistically connected to the expression of antioxidant enzymes and the production of H2O2.
Key words: Enterobacter asburiae, growth promotion, induced resistance, Tomato yellow leaf curl virus, H2O2 burst

1. Introduction
Tomato yellow leaf curl virus (TYLCV) disease is one
of the most devastating viral diseases in tomato plants
(Solanum lycopersicum L.) across the globe (Hanssen et
al., 2010). This emerging disease is caused by isolates of
several single-stranded DNA-containing geminiviruses
(family Geminiviridae) in the genus Begomovirus and is
transmitted by the whitefly Bemisia tabaci [Gennadius
(Hemiptera, Aleyrodidae)] in a persistent circulative
manner (Czosnek and Ghanim, 2005). All TYLCVassociated begomoviruses induced stunted growth,
yellowing, and the upward curling of the leaves on infected
tomato plants. Tomato fruits are symptomless, although
they are sometimes smaller than usual; if infection occurs
at an early growth stage, flower abortion can result in total
yield loss (Picó et al., 1996).
Controlling TYLCV is difficult and is mainly based on
intensive insecticide treatments that are used to control
the vector populations (Palumbo et al., 2001). However,
this method is harmful to the environment (Navot et

al., 1991) and has limited success because it selects for
insecticide-resistant populations in B. tabaci (Cahill et al.,
1996; Elbert and Nauen, 2000). Crop management and the
use of physical barriers or UV-absorbing plastic films and
screens to protect crops can also help to control TYLCV
(Antignus et al., 2001). Although the use of virus-resistant
cultivars is currently the best alternative for controlling
TYLCV, limited sources of useful resistance are available
at the commercial level, which greatly limits the possibility
of crop breeding. TYLCV resistance is under complex
genetic control, which is difficult to manage in breeding
programs (Lapidot and Friedmann, 2002). The most
widespread form of resistance used commercially is based
on the partially dominant Ty-1 resistance gene which is
derived from the S. chilense (Dunal) Reiche accession
LA1969 (Zamir et al., 1994). The resistance in these plants
resulted in substantially reduced symptoms and virus
accumulation in infected plants (Michelson et al., 1994),
but resistance breaks down under high disease pressure
(Lapidot and Friedmann, 2002). In recent decades,
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much attention has been devoted to plant and microbial
metabolites with antiviral properties because of their
ecosafety advantage over chemical pesticides (Baranwal
and Verma, 1997). These antiviral metabolites are reported
to inhibit the virus in vitro or induce plant resistance to
the pathogen; the latter mode of action involves a broad
spectrum of plant defense responses, and is thus a more
effective strategy for disease control (Murphy et al., 1999;
Kloepper et al., 2004).
In many plants, induced systemic resistance (ISR) can
be stimulated by abiotic or biotic elicitors that increase
the capacity of the plant to resist pathogens (Murphy
et al., 1999; Beckers and Conrath, 2007). Among the
various inducers of resistance, plant-growth–promoting
rhizobacteria (PGPR) attract much attention because
of their advantages over other inducers, which include
broad-spectrum antimicrobial activity, high levels of
colonization on plant tissues, and growth-promoting
capacity (Lian et al., 2011). Rhizobacteria-mediated ISR
has been demonstrated in a variety of plants, including
beans, carnations, cucumbers, radishes, tobacco, tomatoes,
and the model plant Arabidopsis thaliana (Van Loon et
al., 1998). The rhizobacterium Bacillus amyloliquefaciens
strain EXTN-1 can induce resistance to anthracnose
activity in cucumber plants and can induce the expression
of a defense-related gene (PR-1a) in tobacco plants (Jeun
et al., 2001; Park et al., 2001). Wang et al. (2009) found that
treatment with B. subtilis G1 enhanced the expression level
of the PR-Ia and PR-Ib genes and of plant-defense–related
genes NPR1 and CoiI, after TMV-challenged inoculation.
Beneficial rhizobacteria such as PGPR can also trigger
ISR by potentiating the activation of specific molecular
and cellular defense responses, which are activated more
quickly and potently than those activated during more
common infections (Ton et al., 2005; Ahn et al., 2007). The
cellular defense responses include the oxidative burst (Iriti
and Faoro, 2003), cell-wall reinforcement (Benhamou,
1996), accumulation of defense-related enzymes (Brisset
et al., 2000), and production of secondary metabolites
(Yedidia et al., 2003).
We previously isolated Enterobacter asburiae BQ9.
This rhizobacterium was shown to significantly reduce
the symptoms caused by TYLCV in tomato plants. In
the present study, we focused on its role in BQ9-induced
resistance to TYLCV and growth promotion in tomato
plants. We measured curling symptoms and defensive
responses through ROS accumulation, H2O2-scavenging
enzymes, and the expression of defense-related genes. This
study addressed the role of BQ9 in priming the defense
response to infection by TYLCV in tomato plants.

2. Materials and methods
2.1. Plants materials and bacterial strain
Tomato seeds (Hezuo 903, a TYLCV-susceptible cultivar)
were sown in seed trays. Three-week-old seedlings were
transferred into 300-mL pots containing a vermiculite
potting soil mixture that had been autoclaved for 20 min
at 121 °C twice on two consecutive days. Plants were
cultivated in a growth chamber at 25 ± 2 °C with a 14 h/10
h (day/night) photoperiod.
The PGPR used in this experiment, Enterobacter
asburiae BQ9, was originally isolated from the forest soil
in Dongguan City, Guangdong Province, China. BQ9
was grown on Luria–Bertani (LB) agar plates at 28 °C
for 24 h. Subsequently, bacterial cells were collected by
centrifugation and then resuspended in a sterile 0.85%
NaCl solution adjusted to 5 × 107 CFU mL–1 for use. The
TYLCV infectious Agrobacterium tumefaciens strain
EHA105, which was transformed with pB-TY-XH-1.8A,
was grown in liquid LB medium containing 50 mg L–1
rifampicin and 50 mg L–1 kanamycin at 28 °C overnight
and was adjusted to 5 × 107 CFU mL–1 for use.
2.2. Assessment of the induction of systemic resistance
and plant growth
After 1 week of growth in pots, four-leaf-stage tomato
seedlings were subjected to induction treatments.
Seedlings were treated in 1 of 4 ways: a pretreatment with
BQ9 followed by challenging inoculation with TYLCV,
a BQ9 pretreated control, a TYLCV control, and a mock
treatment. Each treatment consisted of 24 plants. For
the plants receiving BQ9 treatments, 20 mL of a 5 × 107
CFU mL–1 cell suspension of BQ9 was poured on the soil
around the roots of the tomato plants in each pot. For the
two treatments that were not receiving BQ9, plants were
treated with 20 mL of sterile 0.85% NaCl solution in the
same manner. Seven days later, the seedlings receiving
TYLCV treatments were challenged and inoculated with
TYLCV as described (Zhou et al., 2003), using a fine needle
to inject 0.2 mL of EHA105 culture (5 × 107 CFU mL–1)
into the stems or petioles. Fifteen days after the challenge
inoculation, the plants were scored every day to determine
their disease rating (DR) on a scale of 0–4, as described
by Lapidot et al. (2006). Disease severity and biocontrol
efficacy were calculated as follows:
Disease severity (%) = [∑(the number of diseased
plants in disease rating i × disease rating i)/(total number
of plants investigated × highest disease rating)] × 100;
Biocontrol efficacy (%) = [(disease severity of viral
control treatment – disease severity of antagonist
treatment)/disease severity of viral control treatment] ×
100.
Twenty days after treatment with BQ9, the tomato
plants of BQ9 pretreated control and mock treatment were
collected to measure their roots, shoots, and fresh mass:
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Fresh mass increase (%) = [(fresh mass of BQ9
pretreated control – fresh mass of mock treatment)/fresh
mass of mock treatment] × 100.
2.3. Impact of antagonistic bacterium BQ9 on the viral
load in tomato plants
To study the impact of BQ9 on the viral load in the
host plant, a PCR experiment was conducted. After the
challenging inoculation, the plants were tested every
day to determine the viral load. Using a plant gene
extraction kit (SBS, Shanghai), plant DNA was extracted
from 0.1 g of the youngest leaves from plants in each
treatment. The TYLCV fragment was amplified using
the specific primer pair PF/PR (Deng et al., 1994), where
PA: 5’-TAATATTACCKGWKGVCCSC-3’ and PB:
5’-TGGACYTTRCAWGGBCCGCACA-3’. Primers were
synthesized by Shanghai Biological Technology (SBS).
Cycling was performed as follows: an initial denaturation
for 4 min at 95 °C, followed by 34 cycles of 1 min at 94 °C, 1
min at 55 °C, and 1 min at 72 °C followed by annealing for
10 min at 72 °C. After the reaction was complete, the PCR
products were subjected to electrophoresis on 1% agarose
gel in Tris-acetate-EDTA (TAE) buffer and then stained
with ethidium bromide (EB).
2.4. Analysis of gene expression by RT-PCR
To analyze the expression of the PR1a and PR1b genes,
RT-PCR was performed according to the manufacturers’
instructions for the Prime Script First-Strand cDNA
synthesis kit (TaKaRa Biotech, Dalian, China). Total RNA
was extracted from tomato leaves using TRIzol reagent
(Invitrogen, San Diego, CA, USA). Using the Oligo dT
primer, first-strand cDNA was synthesized from 500 ng
of total RNA. An independent PCR with 25 cycles was
performed using aliquots (1 μL) of the cDNA samples
and the PR1a and PR1b specific primers. A constitutively
expressed gene, EF1α, was used as a quantitative control in
the RT-PCR analysis. Primer Premier 5.00 was employed
to design specific primer pairs for EF1α (forward
primer: ATGTTGGGTTCAATGTTAAG, reverse primer:
ATCACACTGCACAGTTCAC), PR1a (forward primer:
TCTCCATTTTCGTTGCTTGTTTCATTACC,
reverse
primer: GGATCATAATTGCACGTTATAAAAACCCAC),
and PR1b (forward primer: GGATTTAGCGGACTTCCTTCTG, reverse primer: ATGCCAAGGCTTGTACTAGAGAATG).
2.5. Detection and quantification of H2O2
H2O2 levels were determined as previously described
(Loreto and Velikova, 2001) with minor modifications.
Leaf samples (70 mg) were homogenized in 2.0 mL of
0.1% (w/v) trichloroacetic acid, and the homogenate was
centrifuged at 14,000 × g for 15 min at 4 °C. From each
supernatant sample, an aliquot of 0.5 mL was added to 0.5
mL of 10 mM phosphate buffer (pH 7.0) and 1.0 mL of 1
M KI, and the absorbance was measured at 390 nm with
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a UV1000 spectrophotometer. The concentration of H2O2
was quantified, taking into account a calibration curve
using solutions with known H2O2 concentrations.
2.6. Assay of defense enzymes
Three leaf samples were collected from each treatment
at 0, 1, 2, 3, 4, and 5 days postinoculation (dpi); and 0.2
g (FW) of each sample was placed into a mortar with 2
mL of 50 mM ice-cold phosphate buffered saline (pH
7.8) containing 1 mM ethylene diamine tetraacetic acid
(EDTA). The mixture was homogenized with a pestle, and
the homogenate was centrifuged at 15,000 × g for 15 min
at 4 °C. The enzyme extract was in the supernatant which
was used in the following enzyme assays. All enzymatic
assays were performed at 4 °C using freshly prepared
enzyme extracts that were kept on ice until analysis.
The superoxide dismutase (SOD) activity was
determined according to the Beyer and Fridovich (1987)
method. Peroxidase (POD) activity was measured
according to the procedure described by McAdam et al.
(1992). Phenylalanine ammonia lyase (PAL) activity was
determined using the method described by D’Cunha et
al. (1996). Catalase (CAT) activity was determined by the
decrease in H2O2 levels (Aebi, 1983).

2.7. Data analysis
Data were analyzed using Excel 2007, and the differences
in these data among treatments were analyzed for
significance (P < 0.05) using the statistical software Data
Processing System (DPS, version 7.05). The viral load was
analyzed using Image J.
3. Results

3.1. Effects of Enterobacter asburiae BQ9 on systemic
protection against TYLCV in tomato plants
The bioprotection capacity of Enterobacter asburiae
BQ9 was assessed in tomato plants according to their
phenotypic responses and the severity of their symptoms.
Twenty-five days after the plants were challenged through
inoculation with TYLCV, the plants developed typical
TYLCV symptoms consisting of stunting, yellowing, and
the upward curling of leaves. In plants that were pretreated
with BQ9, the appearance of symptoms was delayed for 7
days (data not shown), and the symptoms that developed
on leaves were milder and less distinct than those in the
viral control (Figure 1a). In addition, the results of the
disease severity investigation showed that BQ9 pretreated
plants had significantly reduced disease severity when
compared to the viral control; accordingly, 30 days after
inoculation with TYLCV the biocontrol efficacy of BQ9
in controlling the viral disease caused by TYLCV reached
58.7%. After 45 days, the protection conferred by BQ9 was
weakened; however, it still provided significant disease
reduction (42%) (Figure 1b).

Disease severity (%)

LI et al. / Turk J Biol

Figure 1. The bioprotection capacity of antagonistic bacterium BQ9 to TYLCV. Control: pathogen control; BQ9: BQ9 pretreated plants
challenged with TYLCV. a) Representative plants for treatments with BQ9 or a control were photographed 30 days after inoculation
challenge (DAC). b) For each treatment, disease severity in plants was determined according to the disease rating measured at 30 and
45 DAC. Disease severity of each treatment was determined according to the disease rating. Values are means with standard errors from
24 plants. Different letters indicate statistically significant differences between the treatments (Fisher’s least significant difference test; P
< 0.05). All experiments were conducted three times with similar results.

3.2. Effect of BQ9 on promoting the growth of tomato
plants
BQ9 was assessed for its ability to promote the growth
of tomato plants under greenhouse conditions. Twenty
days after treatment, plants that were pretreated with BQ9
exhibited increases in shoot length, root length, and fresh
mass when compared with plants of the mock treatment;
BQ9 treatment also increased the fresh mass of the plants
by 37.84% (Table; Figure 2).
3.3. Impact of antagonistic bacterium BQ9 on the viral
load in tomato plant
Seven days after the tomato plants were challenged
through inoculation, viral particles were detected in the
viral control (Figure 3a). A small amount of the virus was
detected in the BQ9 pretreated plants after 9 days, and the
viral load was almost one-third of that in the viral control
(Figure 3b), indicating that BQ9 could induce plant
resistance to virus proliferation in the leaf.

3.4. Expression of defense-related genes induced by BQ9
and TYLCV inoculation in tomato plants
Reverse-transcription polymerase chain reaction (RTPCR) was used to analyze the expression patterns of the
defense-related genes PR1a and PR1b in tomato plants
that had been treated with BQ9. Transcripts of all tested
genes were detected 1–5 days post-BQ9 treatment (dpt)
in the plant leaves where the expression of these genes
was evident (Figure 4a). PR1a transcripts accumulated
in the leaves from 2 to 5 dpt. The expression of the PR1b
gene began at 3 dpt and reached maximum levels at 4 dpt
(Figure 4a). By contrast, the transcription of these genes
was undetected in the leaves of mock-treatment plants
(Figure 3a).
RT-PCR was also used to analyze the transcription
of these genes in the tomato plants that were inoculated
only with TYLCV and in plants that were pretreated with
BQ9 and then challenged by inoculation with TYLCV.

Table. Promotion of tomato plant growth by BQ9. The data are from a representative experiment that was repeated three times with
similar results. Different letters indicate statistically significant differences between the treatments (Fisher’s least significant difference
test; P < 0.05).
Treatment

Shoot length (cm)

Root length (cm)

Fresh mass (g)

Fresh mass increase (%)

BQ9

26.40 ± 1.77a

13.57 ± 1.81a

7.03 ± 0.45a

37.84

Mock

21.03 ± 1.83b

9.40 ± 1.08b

5.10 ± 0.26b

--
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Figure 2. Promotion of tomato plant growth by BQ9. Representative plants for each treatment were photographed
20 days posttreatment.

Figure 3. Impact of antagonistic bacterium BQ9 on viral load in tomato leaves. The RA value was analyzed using Image J.

Figure 4. Expression of PR1a and PR1b genes in tomato plants in response to BQ9 treatment (a) or in combination with TYLCV
inoculation (b). dpt = days posttreatment, hpi = hours postinoculation.

Transcripts of all tested genes were detected 12–96 h
postinoculation (hpi) in the leaves of plants that had
been inoculated only with TYLCV; however, they were
detected 6–96 hpi in BQ9 pretreated plants. The PR1a gene
transcript reached maximum levels at 24 hpi in the leaves
of plants only inoculated with TYLCV and as soon as 12
hpi in BQ9 pretreated plants challenged by inoculation
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with TYLCV (Figure 4b). The PR1b gene transcript was
more highly expressed in BQ9 pretreated plants challenged
by inoculation with TYLCV than in those only inoculated
with TYLCV. This indicates that the transcription of these
genes occurred more quickly in plants that were pretreated
with BQ9 and challenged by inoculation with TYLCV.
Furthermore, across all time points, both genes were more
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highly expressed in BQ9 pretreated plants challenged by
inoculation with TYLCV than in plants that were only
inoculated with TYLCV (Figure 4b).
3.5. BQ9 induced the priming of cellular defense
responses in tomato plants
BQ9 was examined to determine the mechanism by
which it primes tomato plants to potentiate the activation
of cellular defense responses. H2O2 accumulation was
detected 6 hpi in the leaves of plants that were treated
with BQ9 and inoculated with TYLCV, but neither BQ9
treatment nor TYLCV inoculation alone resulted in a
cellular defense response at the same time point (Figure 5).
In plants that were treated with BQ9 and inoculated with
TYLCV, the extent of H2O2 accumulation was significantly
greater than in plants that were only treated with BQ9,
plants that were only inoculated with TYLCV, and in
mock-treated plants (Figure 5).
3.6. BQ9 induced defense enzymes in tomato plants
CAT activity reached maximum levels at 4 dpi and 3 dpi in
plants that were pretreated with BQ9 and then challenged
by inoculation with TYLCV and in those that were
inoculated with TYLCV alone, respectively (Figure 6a).
POD activity was observed in plants that were pretreated
with BQ9 and challenged by inoculation with TYLCV, and
the activity reached maximum levels at 2 dpi; however,
activity was lower in plants that were inoculated with

6h
12 h

Figure 5. Effect of BQ9 and TYLCV treatments on H2O2
accumulation in tomato leaves. Different letters indicate
statistically significant differences between the treatments
(Fisher’s least significant difference test; P < 0.05). All experiments
were repeated three times, and similar results were obtained.

TYLCV alone (Figure 6b). PAL showed a similar pattern of
activity that reached maximum levels at 3 dpi in plants that
were pretreated with BQ9 and challenged by inoculation
with TYLCV (Figure 6c). Similarly, for tomato plants that
were inoculated with TYLCV alone, a slight increase in
PAL activity was recorded. In the SOD assay, the activity

Figure 6. Effect of BQ9 treatment on CAT (a), POD (b), PAL (c), and SOD (d) activities in tomato leaves. Different letters
indicate statistically significant differences among treatments (Fisher’s least significant difference test; P < 0.05). Vertical bars
indicate standard deviations of three replications.
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of SOD appeared as two peaks, 2 dpi and 4 dpi, in plants
that were treated with BQ9 and inoculated with TYLCV,
but only one peak appeared for plants that were inoculated
with TYLCV alone (Figure 6d).
4. Discussion
Tomato yellow leaf curl virus (TYLCV) is undoubtedly one
of the most damaging pathogens in tomato plants, and it
limits the production of tomatoes in many tropical and
subtropical areas of the world. Insecticides are commonly
applied to suppress whitefly populations and to indirectly
reduce the spread of TYLCV. Rhizobacteria, as potential
biological control candidates, could be used to directly
control the spread of TYLCV. In this study, we investigated
the effectiveness of the rhizobacterium Enterobacter
asburiae BQ9 against TYLCV in tomato plants. In the
evidence presented here, tomato plants that were pretreated
with BQ9 triggered a resistant response, including the
expression of defense-related genes, production of H2O2,
and activation of defense enzymes, when challenged by
inoculation with TYLCV. In addition, BQ9-treated plants
exhibited statistically significant increases in fresh mass
compared with mock-treated plants, suggesting that BQ9 is
a PGPR. As for plant disease management, the induction
of plant resistance by PGPR has become a trend in recent
years. Although a large number of studies have focused on
PGPR-induced resistance to various bacterial and fungal
pathogens (Van Loon et al., 1998; Kloepper et al., 2004), only
a few studies have investigated application of PGPR strains
for plant viral disease control under greenhouse and/or
field conditions (Raupach et al., 1996; DeMeyer et al., 1999;
Udaya Shankar et al., 2009; Wang et al., 2009). These studies
are mostly associated with bacteria from the genus Bacillus
that are in contact with plants to control TMV or CMV via
ISR and other mechanisms (Kloepper et al., 2004; Zhou
et al., 2008). This study addressed the role of E. asburiae
BQ9 in priming the defense response to infection by
TYLCV in tomato plants. This study is the first to describe
an Enterobacter asburiae PGPR that triggers tomato plant
resistance to TYLCV and promotes plant growth.
PGPRs, predominantly Bacillus and Pseudomonas
spp., colonize the rhizosphere and promote plant growth
by synthesizing phytohormones, facilitating the uptake of
nutrients, producing antagonistic substances, or inducing
resistance to phytopathogenic organisms (Glick, 1995;
Beneduzi et al., 2012). For naturally growing plants, it
is difficult to distinguish whether an apparent growth
promotion was bacterially stimulated or was caused by
the suppression of deleterious soil microorganisms (Van
Loon, 2007). Induced systemic resistance (ISR), which
was first described by Van Peer et al. (1991), could be
explained as follows: rhizobacteria can reduce the activity
of pathogenic microorganisms not only through microbial
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antagonism but also by activating the plant to better
defend itself (Van Loon, 2007). In the current study, ISR
triggered by BQ9 conferred lasting protection against
TYLCV with a reduction in disease of 42%, even at 45 dpi,
and it was proposed that the plants may remain protected
for a considerable part of their lifetime once ISR has been
triggered (Van Loon et al., 1998).
When treated with BQ9, the roots of tomato plants
should produce a local signal that moves to the leaves in
order to activate a systemic enhanced defensive capacity
in the plant, although the nature of the mobile signal
triggered by BQ9 has so far remained elusive. In the
leaves of tomato plants pretreated with BQ9, the H2O2
burst occurred more rapidly and to a greater extent upon
challenge with TYLCV than the burst that occurred in the
leaves of viral control plants, and this finding supports
the above assertion. H2O2 has important functions in
the infected plants; it is an early molecular signal that
systemically induces resistance in the fortification of
apoptotic tissues and causes apoptosis of infested cells
(Ahn et al., 2011). The H2O2 burst, an essential signal that
primes defense responses, is a typical response to pathogen
infection in primed plants (Zhang et al., 2009). It has been
well documented that rhizobacteria-mediated ISR is often
associated with priming for the enhanced activation of
cellular defense responses upon pathogen attack, such as
the rapid accumulation of hydrogen peroxide (Conrath et
al., 2002; Van Wees et al., 2008; Niu et al., 2011). In this
study, H2O2 accumulation was detected 6 hpi in the leaves
of plants that were pretreated with BQ9 and challenged
by inoculation with TYLCV, but not in leaves treated
with BQ9 or TYLCV alone. At 12 hpi, the response was
observed in plants that had been inoculated with TYLCV
alone, but still not in plants treated with BQ9 alone
(Figure 5). This implies that BQ9 primed the plant for an
accelerated and enhanced capacity to systemically activate
cellular defense responses, which were induced only upon
pathogen attack. While we inferred that treatment with
the BQ9 strain protected tomato plants from TYLCV
infection through priming defense-related mechanisms,
the same phenomenon was determined in the tomato–
Pseudomonas putida strain LSW17S interaction (Ahn
et al., 2011) and the Arabidopsis–Bacillus cereus strain
AR156 interaction (Niu et al., 2011).
The activation of certain pathogenesis-related (PR)
genes in some plant–PGPR interactions suggested that
the systemic resistance induced by the rhizobacteria was
similar to pathogen-induced systemic acquired resistance
(SAR) (Wang et al., 2005). The enhanced defensive capacity
that is characteristic of SAR is always associated with the
accumulation of PR genes. PR-1, notably PR1a and PR1b,
is a dominant group of PR genes and is commonly used as
a marker for SAR (Kessmann et al., 1994). PR1a transcripts
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accumulated in leaves of BQ9-treated plants 2 to 5 dpt, the
transcription of PR1b began 3 dpt, and transcription of
both genes reached their maximums levels at 4 dpt, while
neither transcript was detected in mock-treatment plants
(Figure 4a). Furthermore, when challenged by inoculation
with TYLCV, the leaves of plants that were pretreated with
BQ9 had more rapid and extensive transcription of the
PR1 genes than plants that were not pretreated. Altogether,
these observations suggest that BQ9 primed SAR in
tomato plants.
The generation of active oxygen species (AOS) is one of
the initial responses of plants to pathogens (Mehdy, 1994;
Vanacker et al., 2000). As a major scavenger in antioxidant
enzyme systems that protect cellular membranes and
organelles from AOS in plants, SOD converts superoxide
anion radicals to hydrogen peroxide and oxygen by
disproportion (Fridovich, 1986). Considering the high
density of AOS that is generated in tomato plants after
TYLCV invasion, strong SOD activity was assumed to
scavenge AOS, and the relatively low activity of CAT
may be explained by the downstream functions of SOD.

POD can oxidize phenolic compounds into antimicrobial
quinones, which inhibit viruses by inactivating viral
RNA (Lamb and Dixon, 1997). This may account for the
stronger POD activity, compared to CAT, during the first
two days post-TYLCV inoculation. PAL, a key enzyme
in phenylpropanoid metabolism, plays a significant role
in the synthesis of various secondary metabolites (e.g.,
phenols, phenylpropanoids, and lignin and salicylic acid
monomers) that are involved in plant immunity and
induce resistance by PGPR (Gerasimova et al., 2005;
Harish et al., 2008). The accumulation of these secondary
metabolites was thought to restrict virus invasion (Lian
et al., 2011), which may account for the increased PAL
activity in tomato plants treated with strain BQ9 prior to
inoculation with TYLCV.
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